Members of the collapsin/semaphorin gene family have been proposed to act as growth cone guidance signals in vertebrates and invertebrates. To identify candidate molecules involved in axonal pathfinding during mouse embryogenesis, we isolated cDNAs encoding five new members of the semaphorin family (Sem A-Sem E). The murine semaphorin genes are differentially expressed in mesoderm and neuroectoderm before and during the time when axons select their pathways in the embryo. In explant cultures, recombinant Sem D/collapsin converts a matrix permissive for axonal growth into one that is inhibitory for neurites of peripheral ganglia. Our data demonstrate that semaphorins are a diverse family of molecules that may provide local signals to specify territories nonnaccessible for growing axons.
Introduction Results
During development, vertebrate spinal sensory and motor axons navigate with remarkable specificity to their peripheral targets in skeletal muscle and skin (Honig et al., 1986; Landmesser, 1984; Tosney and Hageman, 1989) . The mechanisms underlying this directed neurite outgrowth have been studied extensively in the chick hindlimb (Landmesser, 1984) , where a number of different cues guide growth cones to their final targets (Eisen, 1994; Landmesser, 1980 Landmesser, , 1984 Tosney and Hageman, 1989) . Selective fasciculation and regions permissive or nonpermissive for axonal growth play important roles in channeling axons into their appropriate routes (Landmesser, 1984; Tosney, 1987; Tosney and Hageman, 1989; Tosney and Oakley, 1990) . The molecular nature of the signals involved, however, remains largely elusive. For some time, adhesion and extracellular matrix molecules provided the main candidates for signals regulating axonal pathfinding (Goodman and Shatz, 1993; Hynes and Lander, 1992) . Only recently have additional factors been identified that act as attractive or repulsive cues for growth cones Luo et al., 1993; Pini, 1993; Serafini et al., 1994) . In vitro systems used to study the pathfinding of vertebrate neurons identified repulsive cues produced by different neuronal and nonneuronal cells (Caroni and Schwab, 1988; Cox et al., 1990; Davies et al., 1990; Pini, 1993; Raper and Kapfhammer, 1990) . The observation that sympathetic growth cones avoid retinal
Cloning of Murine Semaphorin cDNAs Defines Four Subgroups
Using fully degenerate primers derived from conserved motifs of the semaphorin domain (Kolodkin et al., 1993) , sequences sharing homology with the semaphorin/collapsin genes were amplified by the polymerase chain reaction (PCR) and used as probes to screen several different cDNA libraries (Figure 1 ). This resulted in the isolation of cDNAs for five different semaphorins (Sem A-Sere E; see Experimental Procedures).
Comparison of the amino acid sequences deduced from the isolated cDNAs showed that all predicted proteins have a similar structure (Figure 1 ). An N-terminal stretch of 15-25 amino acids with the characteristics of a signal sequence is followed by a semaphorin domain, and C-terminal sequences of 150-200 residues, which include a C2-type immunoglobulin-like domain (Williams and Barclay, 1988) and, additionally, a C-terminal stretch of highly basic amino acids in Sem D and Sem E. Sem A-Sem E are likely to be secreted molecules, as hydrophobicity analysis did not reveal potential transmembrane regions. A consensus N-glycosylation site (residue 125 in Sern D) and 12 cysteine residues are conserved between all vertebrate semaphorin domains (Figure 1 ). The N-glycosylation site is located at a position 60 amino acids N-terminal of a corresponding site found in the invertebrate semaphorins (Kolodkin et al., 1993 Feng and Doolittle, 1987) . Four different subgroups (I-IV) can be distinguished, as discussed in the text. Nonmudne sequences are from Kolodkin et al. (1993) and Luo et al. (1993) . levels of semA, semB, semD, and semE were found between El0 and E12. With the exception of semD, which was mainly expressed from El0 to E12, transcript levels of all semaphorins peaked around E13, but were maintained at moderate to high levels until birth, semC mRNA was expressed throughout the time period examined.
Murine Semaphorin Genes Are Differentially Expressed in Mesodermal and Neural Tissue
In situ hybridization of paraffin sections from mouse embryos detected semaphorin transcripts in distinct, partially overlapping domains both in neuronal and mesodermat tissues. Hybridization signals with semD and semE probes were found early in development (El 1) in distinct regions of the neuroectoderm and mesoderm, but expression became more extensive at later stages, and transcripts were widely distributed at E12. In contrast, semB, semC, and semD mRNAs were first found at low levels at E12 (data not shown) and became more widespread at E15. At E11,,.semD signals were detected in the ventral half of the preVertebrae, in the lateral plate mesoderm, and in mesenchyme surrounding dorsal root ganglia (DRGs) and covering the dorsal part of the spinal cord ( Figure 4A ). At the same stage, seinE transcripts were found in the dorsal half of the prevertebrae ( Figure 4B ) and in the lung buds, where semD-expressing cells were sandwiched between semE-expressing cell layers ( Figures 4A and 4B) . In neural tissue, semD was expressed weakly, and SemE strongly, in the motor column ( Figures 4A and 4B) . A very similar pattern was seen at E 12 ( Figures 4C and 4D) . At that stage, semD mRNA was detected in the ventral half of the spinal cord ( Figure 4C ), and weak semB signals were found throughout the spinal cord in postmitotic cells (data not shown). Both semD and semE transcripts were widely expressed in connective tissue, and semE was also expressed in the mesenchymal condensation of the developing skeleton ( Figures 4C and 4D ).
Mesodermal expression of semD and semE was substantially reduced at E15 and largely restricted to cells around the dorsal aorta ( Figure 4E , semD) and to connective tissue separating the developing muscles ( Figure 4F ). semD and semE signals were detected in the ventral twothirds of the thoracic spinal cord, with a few cells expressing particularly high levels of these transcripts ( Figures 4E   and 4F ). semE expression was in addition seen in Rexed's lamina I (Rexed, 1954) .
At E15, semA was highly expressed in the muscles of the apendicular skeleton and in the segmentally organized muscles such as the intercostal muscles, but not in the longitudinal epaxial muscles; semA was also expressed in DRGs ( Figure 4G ). semB and semC transcripts were largely restricted to neural tissue, semC was expressed throughout the spinal cord, excluding lamina I, and at low levels in DRGs ( Figure 4H ). Weak semC signals were found with two different probes in DRGs, sympathetic gan- Poty(A) ÷ mRNA isolated from whole embryos at the indicated stages (E10-E16), or from the heads of E17 embryos (E17 h) or newborn animals (P0 h), was separated on formaldehyde gels and subjected to sequential Northern blot hybridization with probes specific for semA, semB, semC, semD, and semE. Only low levels of transcripts were detectable for semD and semE between El0 and E12. Hybridization with a ~-actin probe (bottom) confirmed that equal amounts of RNA were loaded in each lane, with the exception of the El0 sample. 
Sem D Protein Prevents Neurite Extension
Explants of neuronal tissue were grown in a mixture of collagen and EHS mouse tumor matrix (Matrigel), which allows robust outgrowth of neurites from explants of DRGs or sympathetic ganglia in the presence of nerve growth factor ( Figure 5 ; and data not shown). When explants were placed next to HEK 293 cell aggregates expressing the mouse collapsin homolog Sam D under control of the CMV immediate early promoter, an almost complete inhibition of outgrowth was consistently found (n = 11) after 48 hr of culture on the proximal side of the explant facing the transfected cells ( Figure 5B ; and data not shown), whereas the distal side of the explant showed normal axonal extent sion. This effect was not detectable when using mocktransfected cells ( Figure 5A ) and persisted for at least 4 days (data not shown). Neurites either stalled or, at a more lateral position, grew around the aggregate, keeping a distance from the cells ( Figure 5B ). The same result was obtained when E15 mouse sympathetic ganglia or E12 DRGs were used ( Figure 5B ; and data not shown), but not upon coculture of mouse E15 retinal explants (data not shown). No effect was detectable when using HEK 293 cells transfected with semA, semB, or seinE expression Subgroup I includes the invertebrate semal genes, which show 60% amino acid identity in their semaphorin domains (Kolodkin et al., 1993) . Although the semaphorin domain of the Drosophila semall gene (Kolodkin et al., 1993) is most closely related to that of the group I genes (34% amino acid identity and 60% homology to G-Sema I, respectively), it should be placed into a distinct subgroup, as the encoded protein is likely to be secreted. In contrast, the different semal genes code for membranebound molecules. The third group consists of collapsin (Luo et al., 1993) , its human and murine homologs, semalll (Kolodkin et al., 1993) and semD, as well as two closely related murine genes, semA and semE. A fourth, new subgroup is defined by the murine Sem B and Sem C proteins. All semaphorin domains identified so far show a conservation of 12 cysteines and one potential N-glycosylation site, which is located at distinct positions in the invertebrate and vertebrate semaphorins.
The isolation of five novel semaphorin sequences demonstrates a pronounced diversity in this protein family that, in vertebrates, may encompass more than ten different semaphorin genes (A. W. P. and R. H. A., unpublished data). The diversity of semaphorin proteins is increased further by differential splicing (R. H. A, A. Klostermann, and A. W. P., unpublished data). 
Discussion

The Cloning of Murine Semaphorins Defines Four Subfamilies
To analyze a possible function of semaphorin proteins during routine embryogenesis, we isolated cDNAs coding for five new members of the semaphorin gene family. Comparison with published sernaphorin sequences from vertebrates and invertebrates (Kolodkin et al., 1993; Luo et al., 1993) allows the distinction of at least four subfamilies.
Semaphorins Are Differentially Expressed in Mesoderm and Spinal Cord
Analysis of temporal expression patterns demonstrates that the semaphorin genes are active during a critical period in the pathfinding of sensory and motor neurons (AItman and Bayer, 1984; Smith, 1983; Smith and Hollyday, 1983) , at the right place to provide some of the signals necessary for the guidance of spinal neurons. Expression of semD and semEwas detected at El0 and thus precedes axonal outgrowth from the spinal cord. At E12, the respective transcripts are mainly found in the mesenchymal c~lls of the lateral plate mesoderm and the dermatome, which form the connective tissue of the dermis and cover bones and muscles. Experiments in the chick have demonstrated that the connective tissue derived from the lateral plate mesoderm contains the signals that guide growth cones to their peripheral targets, as removal of the limb muscles does not affect the formation of the major nerve trunks (Lance-Jones and Dias, 1991; Tosney, 1987) .
semD and seine are also differentially expressed in the perinotochordal mesenchyme of the developing vertebral column at E11. semD is restricted to the ventral half of the prevertebrae; semE, to the dorsal half. The perinotochordal mesoderm has been shown to be nonpermissive for the extension of growth cones (Tosney and Oakley, 1990) , which might reflect the presence of one or several of the semaphorin proteins. The composite population of mesodermal cells expressing semD and semE by E l l completely surrounds the spinal cord and DRGs and is interrupted only at the exit points of the spinal nerve. Thus, these semaphorins together might provide cues that shape the anatomy of the spinal cord and its peripheral projections.
As in Drosophila, where semal and semall mRNAs are found in subsets of neurons (Kolodkin et al., 1992 (Kolodkin et al., , 1993 , the murine semaphorins are also differentially expressed in the spinal cord. In the rat, sensory neurons enter the spinal cord at E13 but pause at the primordium of the dorsal funiculus until E15, at which point they extend into the gray matter to establish their central connections (Smith, 1983) . This waiting .period corresponds approximately to days E12-E14 in the mouse and could be connected to the expression of semaphorins at these stages. Different categories of primary afferents terminate predominantly in distinct laminae of the spinal cord (Brown, 1981; Willis and Coggeshall, 1991) . The expression of semaphorins in different subsets of neurons makes them candidates to achieve a separation of specific laminae. Interestingly, rat E15 ventral spinal cord has an inhibitory effect on DRG outgrowth that could be due to the expression of semD in this part of the spinal cord (Fitzgerald et al., 1993) .
Semaphorins May Provide Signals Generating Regions Inhibitory for Axonal Extension
When DRG and sympathetic ganglia explants were cultured in a three-dimensional matrix, expression of Sem D protein converted this matrix into a nonpermissive one that inhibited the extension of both sensory and sympathetic, but not retinal, neurites. A distinction has been made between nonpermissive and motility-inhibiting factors, and it was suggested that the latter could act as chemorepulsive cues for growth cones when present on localized substrates (Luo and Raper, 1994) . Our results suggest that Sem D/collapsin does not seem to orientate growth cones, but rather marks an otherwise permissive substrate as a territory that excludes peripheral neurites.
During innervation, general signals create regions that are nonpermissive or inhibitory for axonal growth and are therefore avoided by extending growth cones (Landmesser, 1980 (Landmesser, , 1984 . Whereas these general cues are proposed to shape the overall form of nerves, additional specific cues must guide individual axons to their postsynaptic targets. Several of the semaphorin genes display temporal and spatial expression patterns consistent with a role providing some of these general signals necessary for the pathfinding of spinal neurons. Also, one of the encoded proteins (Sem D) was found to inhibit extension of all peripheral axons in the trunk. The expression patterns of the semaphorins, however, are also compatible with the possibility that some of these proteins are involved in the histogenesis of tissues other than neural, as suggested by their widespread expression in different organs of the embryo and the adult animal (A. W. P and R. H. A., unpublished data) . We therefore propose that the semaphorins may be recognized by specific neurons as general repulsive cues, but in addition may contribute to the differentiation of other organ systems.
Experimental Procedures
PCR
cDNA was generated from 1 p.g of poly(A) ÷ RNA in a final volume of 20 p.I using a cDNA synthesis kit (Boehringer Mannheim) according to the manufacturer's specifications.~PCR was performed with 1 pl aliquots of a cDNA synthesis Using 100 pmol 0f each primer and 5 U of Taq polymerase (GIBCO BRL) according tO the manufacturer's specifications at a final MgCI2 concentration of 3mM. Fully degenerate primers corresponding to the amino acids FF/YRET/NA (sense primer: GAGGATCCTTC/TTT/AC/TC/AG N GANGAC/ANGC) and DPYCAWD (antisense primer: GAGAATTCG/ATCCCANGCG/ACAG/ATANGGG/ ATC) were used for PCR. PCR fragments were generated by 40 cycles of denaturation (1 rain at 94°C), annealing (5 cycles at 60°C, followed by 5 cycles at 55°C, 5 cycles at 50°C, 5 cycles at 45°C, and 20 cycles at 55°C for 1.5 min each), and extension (1.5 rain at 72°C). The products were digested with EcoRI and BamHI (New England Biolabs), purified, subcloned into Bluescript (Stratagene), and sequenced (Pharmacia T7 sequencing kit).
Isolation of cDNA Clones
~ ~, A mouse brain ZZAP cDNA library (St~atagene), a mouse E12 embryo ZT_AP cDNA library (Stratagene), ~ mouse E12 spinal cord ZZAPExpress cDNA library (A. W. P, unpul~lished data), and a mouse E12 embryo Z7_.APExpress cDNA library (Stratagene) (1.5 x 106 pfu each) were screened with different mouse semaphorin PCR and cDNA fragments following standard protocols (Sambrook et al., 1989) . cDNA clones in the vectors Sluescript and pBK-CMV (Stratagene) were obtained by in vivo excision from isolated phages. Clones were analyzed by enzymatic restriction and sequencing (T7 DNA sequencing kit [Pharmacia] ; PRISM ready reaction dyedeoxy terminator cycle sequencing kit run on a 373A DNA sequencing system [Applied Biosystems]). The different cDNAs were named in the order of isolation semA-semE to avoid confusion with the nomenclature of Kolodkin et al. (1993) . A clone containing the full coding sequence was obtained for semB, and partial cDNAs for semA~ 'semC, semD, and semE. The coding region of semA was completed w th a partia c one so ated from a randomly primed mouse E12 emb[yo ;~ZAPExpress cDNA library (Stratagene), and those of semD andsemE were completed with PCR products obtained by rapid amplification of cDNA ends (RACE). Computer analysis was done using the H~$AR 3.0 software (Deutsches Krebsforschungszentrum, Heidelberg, Germany).
RACE
'
.o .~ Full-length cDNA 5'ends were isolated using the 5'-RACE Ready cDNA kit and mouse brain RACE Ready cDNA (Clontech). Two subsequent PCR amplifications were performed according to the manufacturer's specifications with the supplied anchor primer (sense) and nested gene-specific primers (antisense): sem D, 5'-GTCATTCTTGCATATC-TGACC-3' and 5'-CTTTCCAGAGTGTTCTCCGTC-3'; semE, 5'-TTC-CACAGCCATGTGTAGGATC-3' and 5'-CACTCTTCAACTTTGATTG-TTG-3'. Amplified PCR fragments were subcloned into Bluescript and sequenced. To exclude errors introduced by PCR, the sequence of the identified 5' ends was confirmed by two independent PCRs on E14 cDNA using the gene-specific sense primers 5'-CTAAATCACCT-GTTACCTCCAG-3' (semD) and 5'-CTCACTAAGTCTTTAAAGGTC-3' (semE) and antisense primers as described above. Newly amplified PCR fragments were used to construct full-length cDNAs.
Isolation of Poly(A)* RNA
Embryos or adult tissues were lysed in 4 M guanidiniumthiocyanate and total RNA was purified by centrifugation through a 5.7 M CsCI cushion (Sambrook et al., 1989) . Poly(A) ÷ RNA was prepared using the polyATract system (Promega).
Northern Blot Hybridization
Poly(A) ÷ RNA (2 rig per lane) was separated on formaldehyde gels and blotted onto positively charged nylon menbranes (Boehringer Mannheim). Probes were randomly labeled (Pharmacia randomlabeling kit) with [~P]dCTP (Amersham). Hybridizations were performed in 50% (v/v) formamide (Fluka), 5 x SSC, 5 x Denhardt's solution, 25 mM sodium phosphate buffer (pH 6.8), 5 mM EDTA, 0.1O/o (w/v) SDS, 100 p.g/ml calf thymus DNA (Sigma) at 60°C overnight. The filters were washed twice at 65°C in 2x SSC, 0.1% (w/v) SDS and twice at 65°C in 0.1 x SSC, 0.1O/o (w/v) SDS. After exposition, hybridized probes were removed by incubation in 90o/0 (v/v) formamide, 10 mM EDTA, 10 mM Tris-HCI (pH 8.0) at 60°C for 30 rain, and the blots were rehybridized up to five times.
The following probes were used: 0.9 kb fragments obtained by PCR for semA, semB, and semC (see PCR), a 1.1 kb cDNA fragment for semD (corresponding to sequences coding for amino acids 275-641), and a 1.6 kb cDNA fragment for seinE (corresponding to sequences coding for amino acids 85-606).
In Situ Hybridization NMRI outbred mice were purchased from Harlan-Winkelmann Ltd. (Borchen, Germany). The day of detection of the vaginal plug was designated E0. Embryos between El0 and E15 were embedded in paraffin and processed for in situ hybridization using "~S-labeled RNA probes as described previously (PL~schel et al., 1992) . The following probes, cloned into Bluescript, were used: 0.9 kb fragments obtained by PCR for semA, semB, and semC (see PCR), a 2.9 kb cDNA fragment for semD (including codons for amino acids 275-772 and additional 3' nontranslated sequences), and a 4.1 kb cDNA fragment for semE (including codons for amino acids 210-751 and additional 3' nontranslated sequences). Sections were exposed to Kodak NTB-2 photographic emulsion for 2 weeks.
Expression Vectors and Transfection
To express semaphorin proteins, the entire coding regions of semA, semB, semD, and seinE cDNAs were subcloned into the pBK-CMV vector (Stratagene) using unique restriction sites, HEK 293 cells (ATCC CRL 1573) grown in 90 mm dishes were transfected with 10 pg of expression plasmid DNA by calcium phosphate coprecipitation (Sambrook et al,, 1969) . To produce 293 cell aggregates, cells were washed with PSA (8 g/I NaCI, 0,4 g/I KCI, 0,35 g/I NaHCO3) and trypsinized 8 hr after transfection. Cells were washed twice with MEM/10% fetal calf serum (GIBCO BRL) and once with primary culture medium (Nicola et al,, 1992 ) and resuspended in 0.5 ml of primary culture medium per 80 mm well, Drops of the celt suspension (20 ~_1) were placed onto the lids of 35 mm dishes, which were inverted and incubated over primary culture medium for 16 hr. Clusters of ceils were harvested into medium and trimmed with tungsten needles for use in explant culture.
Coculture Assay
DRGs from E12 and E15 mouse embryos and sympathetic ganglia from E15 mouse or E7-E9 chick embryos were dissected into primary culture medium. Explants were placed onto 30 mm polyornithinecoated plastic dishes (Greiner) and cultured in a 1:1 mixture of collagen (Boehringer Mannheim) and Matrigel (Collaborative Research) in the presence of 50 ng/mt murine nerve growth factor (generously provided by H. Rohrer). After polymerization of the matrix for 45 min at 37°C, 2.5 ml of primary culture medium was added, and the culture was incubated at 37°C. Collagen was prepared as specified by the manufacturer (Boehringer Mannheim), and 0.1 vol of 10 x MEM, 5% (v/v) fetal catf serum, 2 g/I L-glutamine (all GIBCO BRL) was added.
